Strengthening of RC structures with externally bonded FRP (fiber reinforced polymers) has become an important challenge in civil engineering. Epoxy is the main bonding agent used so far, but in the case of a fire, it is subjected to complete loss of his bonding capabilities. Mineral based composites strengthening systems consist of FRPs and a cementitious bonding agent which form a repair or strengthening system that is more compatible with the concrete substrata, and roved its efficiency. The current research introduces the use of a special cementitious material "Grancrete" as a bonding agent. Test results of 32 T-section RC beams strengthened with various FRG (fiber reinforced Grancrete) strengthening systems are presented. The results demonstrated that most of the specimens were likely to fail by debonding of the FRP from the concrete either at the ends or at intermediate flexural cracks. This paper presents an in-depth study aimed at the development of a better understanding of debonding failures in RC beams strengthened with externally bonded FRP systems. Different analytical models, published in the literature for plate end debonding, are reviewed and compared to test results. The results also demonstrated that when using U-wraps, the specimens were likely to fail by FRP sheet rupture.
Introduction


In recent years, repair and retrofit of existing structures have been among the most important challenges in civil engineering. The need to strengthen and rehabilitate existing concrete and steel structures has increased the use of FRP (fiber reinforced polymers) in structural strengthening applications since the mid 1980s. FRPs are not prone to electrochemical corrosion, they can be formed, fabricated, and bonded easily to concrete substrate. Epoxy has been proven to have excellent bond characteristics which are sufficient to transfer stresses between the fibers and the substrata. Despite the effectiveness of FRP strengthening systems, one of the major limitations on the use of epoxy in structural strengthening applications is the possibility of the complete loss of the strengthening system in case of fire. When FRP strengthening systems are subjected to a combination of high temperatures and sustained loads, the resin polymer matrix could soften and consequently loose its ability to transfer stresses from the concrete to the fibers [1] . Mineral based composites strengthening systems consist of FRPs and a cementitious bonding agent which form a repair or strengthening system that is more compatible with the concrete substrata, can be applied on moist surfaces and preliminary work [2] showed that similar results can be obtained when compared to epoxy-based FRP strengthening systems. The objective of this paper is to investigate the use of Grancrete material as an alternative to epoxy adhesives for FRP strengthening Grancrete is based on "Ceramicrete", a material developed by Argonne National Laboratories for the encasement of nuclear waste. Grancrete is environmentally friendly. When mixed with water, this material forms a binding agent that is rapid-setting, develops high early bond strength, and has enhanced durability [3, 4] . The proposed fiber reinforced Grancrete "FRG" strengthening system would have excellent fire and heat resistance in comparison to the current FRP strengthening systems [5] . FRP generally behave linearly elastic to failure. The mechanical properties of FRP vary with the type and orientation of the reinforcing fibers. Therefore, the fibers can be placed in any orientation to maximize the strength in a desired direction. In this paper, only unidirectional FRP sheets are used for developing the analytical models. The current investigation includes testing of thirty-two reinforced concrete beams strengthened in flexure using various externally bonded FRP-Grancrete systems. Different failure modes have been observed in the experimental program. These modes can be divided into two general categories: "flexural" and "local" failures. "Flexural failure" is defined as yielding of the longitudinal steel or rupture of the FRP sheets in tension. "Local failure" is defined as the peeling of the FRP sheets at the location of high interfacial stresses and shear failure of the concrete layer between the strengthening material and the longitudinal reinforcement. Since in many cases, the failure of retrofitted beams is governed by the "local" failure, the investigation of the stresses at the concrete/strengthening layer interface is an important issue in analysis and design. An analytical model is presented in this paper to calculate the shear and normal interfacial stresses. The predicted capacities are compared to the measured values [6, 7] .
Experimental Program
Phase 1: Water/Grancrete Ratio W/G
The Grancrete paste was selected based on three different water/Grancrete ratio (W/G); 0.25, 0.22, and 0.20. Three Grancrete cubes of dimensions 50 × 50 × 50 mm. were casted from each paste. When tested in compression, the pastes reached an average of 20.8, 41.1, and 60 MPa, respectively [5] .
Hence, the concrete compressive strength used in Phase 3 is 35 MPa. The selection of the mix with W/G = 0.22 was made to guaranty a fully mixed paste due to the available facilities in the laboratory.
Phase 2: Pull-Out Test
Three different Grancrete thicknesses were applied to concrete surfaces as follows: 5 mm plain Grancrete layer thickness, and 10 mm, 15 mm divided into two layers with fiber sheet in the middle applied on a concrete smooth surface. 15 mm Grancrete layer divided into two layers with fiber sheet in the middle without finishing the first Grancrete layer was applied on a concrete rough surface.
The specimens were cored more than 50 mm deep into the substrata using the core drill machine. Steel disks measuring 50 mm diameter and 20 mm thick were bonded to the surface of each individual core specimens using epoxy.
According to the pull-out test results ( Fig. 1 ), the SRP (steel reinforced polymer) sheets were modified from its manufacturing condition by creating voids within the sheets to insure the continuity of Grancrete layer through its thickness, SPR-1 and SRP-2 were selected for Phase 3 [5] . 
Phase 3: Externally Bonded FRP Specimens
Concrete
The concrete mix was prepared at the Structural Laboratory to provide a nominal strength of 35 MPa using Type-I-Portland cement. The maximum specified aggregate size was selected to ensure good flow of the concrete around the steel cage and eliminate formation of any honey combing.
Grancrete Paste
The Grancrete paste was prepared using water/Grancrete ratio of 0.22. The modulus of the elasticity was determined according to ASTM C469 for the Grancrete paste and was found to be approximately 10,120 MPa [3] .
2.3.1.4 Strengthening Sheets Different strengthening sheets used in the current study are illustrated in Fig. 2 and the mechanical properties are given in Table 1. 2
.3.2 Test Specimens
This phase consists of 32 T-section RC beams, 2 control beams (B 01 , B 02 ) and 30 beams strengthened in flexure using externally bonded FRG systems; after preparing a rough surface of concrete along the bottom of the beam specimens along the loading area (1 m) and a bonded length on each side, a first adhesive layer of Grancrete paste is applied followed by a single fiber sheet, another Grancrete paste layer is applied followed by the second single sheet if present and finally a cover Grancrete paste layer is applied as a protection layer. The specimens were adequately designed to avoid concrete crushing and premature failure due to shear, shear reinforcement consisted Ø10/m'. The top flange was reinforced with 5 Ø10/m'. The top reinforcement consisted of two 10 mm diameter steel bars. All beams were constructed with a depth of 500 mm, 3 .00 m span and tested in flexure using a four point bending configuration to develop a constant moment region along the mid-third of the span. Details of FRG systems of the test specimens are given in Table 2 -2 150  2  20  B32  2 12  SRP-2  800  2  30  SRP-2 150  2  20  B33  2 12  SRP-2  800  2  30  SRP-3 150  2  20  B34  2 12  SRP-2  800  2  40  SRP-2 150  2  30  B35  2 12  SRP-2  800  2  40  SRP-2 120  3  20  B41  2 16  SRP-2  800  1  20  SRP-2 150  2  20  B42  3 
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Results and Discussions
Basalt Grid Reinforced Grancrete
The Basalt Grid has a tensile strength of 926 MPa, and its maximum strain is 0.0233. Due to the low elastic modulus of the Basalt sheets, the pre-and post-cracking stiffnesses were identical for all beams regardless of the number of sheet layers and the Grancrete layer thickness (B1-B5). Therefore, its contribution to the overall stiffness of the beams was negligible. Failure of all tested beams was due to rupture of both; Basalt sheets and longitudinal steel reinforcement.
Steel Reinforced Polymer "SRP" Reinforced Grancrete
The SRP has a tensile strength of 840 MPa, and its maximum strain is 0.0112. The use of SRP sheets with Grancrete paste is a promising strengthening procedure. Four SRP groups were tested, beams B11, B12, and B13 were strengthened using the SRP sheet modified as SRP-1 previously mentioned and showed that due to the low continuity of Grancrete paste, the strengthened beams failed due to sheet delamination at SRP sheet level. As for the beams strengthened with SRP-2, B21 to B24 strengthened using the SRP-2 type, for the same strengthening properties, the beam failed due to sheet delamination at concrete level. It was observed that increasing the Grancrete layer thickness of the strengthening layer slightly led to the increase in the load carrying capacity of the beam. The plate end debonding failure was divided into three debonding modes; the first was due to peeling of the adhesive material, Grancrete; the second was due to internal combined normal and shear forces in the Grancrete level; and the third was due to internal combined shear and normal stresses in concrete level.
The beams B31 to B35 strengthened using SRP-2 type sheets were strengthened using U-wraps outside the loading area consisting of Grancrete and SRP-2 type sheets. For this group of beams, there were no end debonding sheet delamination failure, the types of failure observed for this group were ICD (intermediate crack debonding) failure and sheet rupture failure. The increase in the use of U-wraps units gives better results than using larger U-wraps with larger spacing, it provides better crack propagation, more load carrying capacity and full use of sheet carrying capacity. Beams B41 to B42 were testing the influence of the longitudinal steel reinforcement on the FRG systems.
Carbon Strands Reinforced Grancrete
The carbon strands have a tensile strength of 2,060 MPa, and its maximum strain is 0.0175. Carbon strands sheet is a promising material to be used with Grancrete in the fiber reinforced Grancrete FRG systems. Working similarly as the SRP sheets; the need of U-wraps with an appropriate spacing, it gives good results. The use of carbon strands sheets led to an increase in the load carrying capacity of the beam and a decrease in the beam deflection.
As for the crack pattern distribution, beams with carbon strands sheet could be classified as brittle beams as they do not allow clear distribution of cracks along the failure pattern unless the strengthening layers along with the concrete beam are working in a full composite action, which could only be guaranteed with the presence of an appropriate distribution of U-wraps.
Analytical Modeling
In this section, analytical models are developed to predict the flexural ultimate load carrying capacity for the strengthen beams based on their different modes of failure [5] .
Flexural Prediction-Cracked Section Analysis
This analysis is based on the standard strain compatibility, equilibrium, and material constitutive relations for concrete, reinforcing steel and FRP. 
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where, "C" compression force in concrete is assumed to follow the widely accepted stress-strain behavior taking the initial strain in the concrete at the time of strengthening "ε o " = 0.002 and "ε c " is the axial strain at the interface of concrete and strengthening layer, "B" is the breadth of the flange, "f c '" is the compressive strength of concrete, and using the equivalent stress block parameters ( 1 and  1 ) coefficients used in cracked section analysis [8] " are the axial strain in longitudinal compression steel and tension steel, respectively. The modulus of elasticity of the Grancrete paste "E G " was obtained in Eq. (5), where "f G " is the normal stress in the Grancrete layer [3] .
And by substituting "ε frp " with the ultimate strain of the fibers, the location of the neutral axis "h n " is calculated, "D" is the distance between the top of the concrete beam and the centroid of the strengthening sheet, "d" is the distance between the top of the concrete beam and the centroid of the bottom longitudinal steel, "d′" is the distance between the top of the concrete beam and the centroid of the compression longitudinal steel, hence, the ultimate moment "M" can be calculated from Eq. (9):
Results of the analysis show that the ultimate flexural capacity of FRP systems can be predicted with sufficient accuracy using the traditional flexural analysis procedures as given in Table 3 . 
